Most physicochemical methods which have been applied to DNA, such as measurements of ultraviolet hypochromism, optical rotatory dispersion, sedimentation, and viscosity, measure average or "static" structure and thus show little or no change as a function of temperature at temperatures below the melting or helix T. coil transition region. However, other experimental approaches, such as hydrogendeuterium exchange (e.g., Bradbury et al.') or the use of a nucleolytic enzyme as a conformational probe, may also be sensitive to "dynamic" aspects of structure.
Most physicochemical methods which have been applied to DNA, such as measurements of ultraviolet hypochromism, optical rotatory dispersion, sedimentation, and viscosity, measure average or "static" structure and thus show little or no change as a function of temperature at temperatures below the melting or helix T. coil transition region. However, other experimental approaches, such as hydrogendeuterium exchange (e.g., Bradbury et al. ') or the use of a nucleolytic enzyme as a conformational probe, may also be sensitive to "dynamic" aspects of structure.
Indeed, experiments using such methods suggest that even at low temperatures DNA is subject to local structural fluctuations which result in frequent opening and closing or "breathing" of the structure at the level of any particular nucleotide pair. The existence of such structural fluctuations is assumed in most considerations of DNA unwinding, and may well control the accessibility of the structure to nucleases and polymerases. In principle, hydrogen exchange methods afford the most direct experimental approach to the dynamic properties of the DNA helix.
Hydrogen exchange has frequently been used to study the conformations of proteins. The results of such measurements have been interpreted on the basis that a potentially exchangeable hydrogen atom which is involved in intramolecular hydrogen bonding (and/or "buried" in the interior of a macromolecule) exchanges much more slowly with solvent hydrogen than one not so constrained. With most proteins conditions of exchange can be found for which rates of exchange are measured in hours, or even days. By analogy, the potential applicability of hydrogen exchange methods to a study of hydrogen-bonding and conformation in DNA has been recognized for some time. However, Bradbury et al. ' found that essentially complete hydrogen exchange occurred during the 3 min required for sample manipulation following the transfer of a fully deuterated DNA film from a D20 to an H20 environment. As a result of this experience and others (unpublished), it has been generally accepted that the hydrogens of DNA exchange "instantaneously" and that the methods usually applied to proteins cannot be used.
Recently, Englander3 has developed a new experimental approach to hydrogen exchange. In this method the macromolecule of interest is incubated to equilibrium with tritiated water, and then quickly separated from unbound tritium by gel filtration. The bound tritium is then measured by liquid scintillation counting. This technique has several advantages over the more conventional hydrogen exchange methods: it is a true tracer method which does not involve the massive substitution with deuterium characteristic of the older methods, no drying steps are involved so that the macromolecule is kept under controlled environmental conditions at all times, and the method is quite fast, complete separation of the labeled macromolecule from free background tritium being attained in a little over 1 min.
In this paper we demonstrate that under appropriate conditions the exchange of structural hydrogens in DNA (i.e., those involved in interchain hydrogen bonding) can be measured with considerable precision using the tritium-gel filtration tech-
nique. It is shown that the number of structural hydrogens measured corresponds closely to that predicted on the basis of two hydrogen bonds per adenine-thymine (dA-T) pair, and three per guanine-cytosine (dG-dC) pair. This result provides direct chemical confirmation in solution for the existence of a third hydrogen bond linking guanine and cytosine in DNA. Some preliminary work on polynucleotides is also mentioned, and the kinetics of the hydrogen "exchange-out" process in DNA are discussed. The accompanying paper by Englander and Englander4 describes some results of a similar study on soluble (transfer) RNA.
Materials and Methods.-Hydrogen exchange: Hydrogen exchange studies were conducted essentially as described by Englander for ribonuclease.3 DNA (1-2 mg/ml) was incubated to equilibrium in solutions containing 5-10 mc/ml of tritium added as tritiated water. Equilibrium was generally attained within 1 hr at 4°. Two methods (see Englander' for details) were used to follow the exchange-out kinetics of the incorporated tritium.
In the "two-column" method, several ml of a solution of labeled DNA were quickly passed through a short (11 X 2 cm) column of coarse, G-25 Sephadex (a "molecular exclusion" gel manufactured by Pharmacia) and the emergent fractions containing the bulk of the DNA were pooled. This operation reduced the tritium concentration in the pooled DNA sample to less than 10-3 of that present in the original solution, and effectively reduced to zero the probability of tritium back-exchange into the DNA. The pooled sample was incubated under controlled conditions, and after suitable exchange-out times aliquots were removed and passed thlough a second (11 X 2 cm) Sephadex column to remove the remaining free tritium. The nucleic acid content of the emergent fractions was then measured by absorbance at 260 my, and the tritium content determined with a Packard automatic Tri-Carb scintillation spectrometer, using the scintillation solution described by Bray.5 The "one-column" method differed only in that one longer (16 X 2 cm) Sephadex column was used which combined the function of the two columns described above. Here exchange-out proceeded directly in the column. Flow was stopped when the DNA was about one third of the way through the Sephadex, at which point it was already well separated from the bulk of the free tritium. After suitable periods of exchange, flow was resumed and separation from free tritium completed. Most of the data reported here were obtained with the "two-column" method, which gives somewhat better separation from free tritium. However, the "one-column" method is inherently faster and was used for all runs in which the exchange-out time was less than 200 sec.
The data, presented as hydrogens per nucleotide pair (H/np), were calculated as described by Englander,3 using extinction coefficients per two moles of phosphorus and assuming no isotope effect (see Results). Exchange-out time is defined as the time which elapses between the separation of the equilibrium-labeled DNA from the bulk of the free tritium near the top of the first column and its final emergence from the last column. DNA was put into solution in the native form by gently stirring the dried, fibrous material into 0.01 M NaCl for 4-5 days at 4°. Concentrations were measured at room temperature using the following extinction coefficients (per 2 moles P) at 260 miA: 1.30 X 104 cm-l for native calf thymus DNA, 1.49 X 104 cm-' for heat-denatured and recooled calf thymus DNA, and 1.24 X 104 cm-l for T4 bacteriophage DNA. It has been shown by Flodin6 that bands of highly viscous macromolecular solutions tend to spread excessively while passing through Sephadex columns. This also occurs with fairly concentrated solutions of native DNA, resulting in considerable peak spreading and poor separation from free tritium. This difficulty has been completely overcome by reducing the molecular weight of the native DNA by ultrasonication. Samples (15 ml at 2 mg/ml) of native DNA were treated at 00 under nitrogen for 6.5 min at 20,000 cycles/see in an MSE ultrasonic generator. The resulting DNA showed a somewhat narrower sedimentation coefficient distribution than the original material, and a median Soo,,, of 7.3 1 0.2 S (corresponding to a weight average mol. wt. of approximately 4 X 105 Daltons7). No nonsedimentable nucleotide-containing material was produced by this treatment.
The structural equivalence of the sonicated and the original DNA has been established by (comparative measurements of UV hypochromic melting profiles and by demonstrating that the sonicated material is fully native by the Mg++ criterion of Shack.8 The hydrogen exchange kinetics of the sonicated material were unaffected by EDTA dialysis (to remove any metal ions which might have been introduced during sonication; Fig. 1 ). Some exchange-out measurements have also been made with unsonicated DNA. While relatively imprecise, the values obtained were in good agreement with those measured on sonicated material under the same conditions (Fig. 1) Preliminary surveys of the rate of hydrogen exchange of native DNA as a function of pH have revealed that the structure is also most stable with respect to hydrogen exchange at pH values close to the center of the titration plateau.
In this paper we confine ourselves to a detailed examination of the hydrogen exchange properties of DNA at a single pH close to the center of the plateau for calf thymus DNA in '--0.1 M NaCl. This is done in order to demonstrate that this hydrogen exchange technique measures interchain hydrogens in DNA, and to obtain some insight into the dynamic aspects of the structure as reflected in the kinetics of exchange at this pH. Considerable additional understanding of the elements of structure involved in the exchange process can be derived from an examination of the kinetics of hydrogen exchange of native DNA as a function of pH, salt concentration, solvent composition, and temperature. Such studies have been carried out and will be published elsewhere. 10 In Figure 1 At times longer than about 1000 seconds (0.2 H/np) the points of Figure 1 deviate upward from a single first-order reaction, suggesting an increasing contribution at these levels from a class (or classes) of hydrogens exchanging with a much greater half-time(s) than that characteristic of most of the exchangeable hydrogens of native DNA. Back-extrapolation of this class to zero time leads to equilibrium values of 0.3-0.5 H/np, depending on how the extrapolation is carried out. The source of these slowly exchanging hydrogens has not been identified, though a slow group of about this size is seen in almost all of our experiments. Possibilities include: slow exchange of a few particularly stable nucleotide sequences (perhaps containing runs of uninterrupted dG-dC pairs); the slow exchange of interchain hydrogens close to the sites of binding of the residual protein (there is probably not enough protein to account for this group in terms of slowly exchanging protein hydrogens); and perhaps an anomalously slow exchange of the N, hydrogen of guanine, which is completely inaccessible to solvent when involved in hydrogen bonding in native DNA. The quantitation and identification of these slowly exchanging hydrogens is difficult because the counting rate for these samples is uncomfortably close to background. Work on this point is continuing.
Heat-denatured calf thymus DNA: To establish further that the measurable hydrogens observed are involved in interchain hydrogen bonding, and to obtain some insight into the exchange properties of short DNA helices, we have measured hydrogen-tritium exchange in heat-denatured and recooled calf thymus DNA. On recooling, this heterogeneous DNA reforms short sections of double-stranded helix, interspersed with single-stranded, random coil regions. When reheated, this structure does not melt sharply, as does native DNA. Indeed, the melting profile obtained shows an almost continuous change with temperature over the entire range examined, indicating that the helical elements present differ enormously in intrinsic stability." The amount of helix formed in completely heat-denatured and recooled calf thymus DNA, and the composition of the short polydisperse helical segments (as measured by UV hypochromic melting profiles) do not depend on rate of cooling or on time of standing in the cold, but only on temperature and solvent composition. measured at exchange-out times of 400 sec or less can be reasonably represented by a straight line and thus assigned to a single kinetic class (with a half-time of exchange of about 200 see). Linear extrapolation of this portion of the data yields a minimum value of 1.25 d 0.15 H/np for the number of hydrogens involved in interchain hydrogen-bonding in this material under these conditions. This is 54 per cent of the value obtained for native DNA (Fig. 1) appear to be those involved in interchain hydrogen bonding. It should be noted that no additional hydrogens are observed, despite the presence of glucosylated hydroxymethylcytosine residues. Apparently the hydroxyl groups present in these moieties exchange too rapidly to be detected by our methods. Polyribonucleotides: Some studies of the hydrogen exchange properties of polyribonucleotides have been carried out or initiated. This work will be reported in detail elsewhere, but, in brief, in these materials we also find a direct correlation between stable helical structure and the presence of slowly exchanging hydrogens.
Discussion.-The results presented above, in conjunction with those of Englander and Englander on sRNA,4 clearly show that hydrogen-exchange methods can be used in structural studies of nucleic acids. In this paper we have focused primarily on equilibrium aspects, demonstrating that the methods are fast enough to follow hydrogen exchange in these molecules and to permit appropriate back-extrapolation to determine the extent of helical structure in nucleic acids under various conditions. By these means direct chemical confirmation in aqueous solution has been obtained for numerological aspects of the currently accepted interchain hydrogen-bonding scheme for DNA.
The mechanisms by which hydrogens involved in interbase hydrogen bonding ex-change with solvent hydrogens are of considerable interest with respect to the dynamic structural behavior of the DNA molecule in solution. This question will be considered in detail in conjunction with data on the effects on the exchange kinetics of alterations in pH, ionic strength, solvent composition, and temperature,'0 and is also discussed in connection with sRNA by Englander and Englander.4 The following mechanisms are all formally possible, and should be considered specifically:
1. MIust the chains separate ("open"), at least locally, in order for exchange to take place? Direct exchange (without chain separation) might be possible for the two hydrogen bonds of the dA-T pair, and perhaps for the two outer hydrogens of the dG-dC pair. However, inspection of molecular models suggests that access of solvent water to these hydrogens varies from one to another, and furthermore, that the N, hydrogen of guanine is totally inaccessible to solvent. If indeed accessibility is limiting, then direct exchange would not be expected to lead to a curve such as Figure 1 , in which most of the hydrogens seem to emerge as a single kinetic class.
Furthermore, some additional mechanism for exchanging the N, hydrogen of guanine would have to be devised.
2. If, as seems more likely in terms of the following discussion, the hydrogenbonded bases must separate (or the structure must open) in order to permit hydrogen exchange, again there are several possibilities:
(a) Each base-pair exchanges individually by partially pivoting the base out of the structure into the solvent about the sugar-phosphate backbone. There are five single bonds along the chain between deoxyribose rings, and examination of molecular models suggests that such individual opening of base-pairs is probably stereochemically feasible, though it may not be feasible from an energetics point of view.
(b) The opening of the DNA structure is cooperative, in that a number of bases separate from their partners (open) as a unit. The size of such a cooperative exchange unit could, of course, vary from two base pairs to the entire DNA molecule.
A number of lines of evidence suggest that exchange is cooperative, i.e., that the "breathing" unit is more than one base-pair. This evidence includes comparison of the effects of changing pH and the ionic environment on titration and hydrogen exchange properties of DNA, as well as studies with cross-linking reagents, etc.'0 These data, together with some experiments presented in this paper, suggest that the cooperative unit is not too long, and certainly not the entire DNA molecule. Thus, sonication of the native structure to units approximately 500 nucleotide pairs in length has little or no effect on the exchange properties. Also the much shorter helices present in heat-denatured and recooled calf thymus DNA seem to exchange at a rate which is surprisingly similar to that of fully native DNA. This point, and other structural aspects of the mechanism of the exchange process, will be considered further elsewhere. 10
